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Thepossibility is consideredof anavalanche-typeincreaseofthenumberofrunawayelectronsleadingto anewtypeof electric
breakdownofgases.This typeof breakdowncouldtakeplacein theatmosphereduringathunderstormstimulatedby cosmicray
secondaries.

1. Introduction the limiting value of the meanelectric field in a
thunderstorm,as well as the X-ray emissiongener-

It wasfirst mentionedby Wilson [11that thesec- atedduringthe preconditioningperiod.
ondaryelectronsgeneratedby cosmicrayscanbein-
fluencedby theelectricfield ofathunderstorm.Both
the theoretical and experimental aspectsof this 2. Atmosphericbreakdownstimulatedby runaway
problemhavebeenwidely discussedin theliterature electrons
[2—4].A new interest is stimulatedby the obser-
vation of precursorsof lightning strokescoming as
sharpincreasesof X-ray intensity [5,6]. The con- It is well known [81 that the slowing-downforce
sistent calculations of the X-ray generation by of anenergeticelectronin the air, for e 4t mc2,is de-
McCarthyandParks [7] showsthat cosmic ray se- scnbedby
condariescannotprovidethemeasuredlevel of X- 4xN Ze4
ray intensity,evenconsideringthemaximumimpact F mmv2 ln (mv2/ze~) (1)
comingfrom the electric field of the thunderstorm.

However, existing theoriesdo not considerthe Here Nm is the density of the air molecules,
possibilityof anavalanche-typeincreaseofthenum- Z= 2z 14.5, wherez is the meannuclearchargeof
ber of runaway electronsleading to the electric the nitrogenandoxygenatoms,e is the electronen-
breakdownof theatmosphere.Thispaperisdevoted ergy, while ~, ~ 15 eV is the characteristicionization
to the investigationof thissubject.Lateron we will energy.In the oppositecasee ~ mc2 this equation
show that this phenomenonapparentlydetermines hasthe form
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4 N Z ~ This root is unstable,which meansthatan electron
F= x m

2 e ln[(mc
2/

1)y] , (2) withvelocityv<v1slowsdown,whileanelectronwith
mc v> v1 accelerates,i.e. becomes“runaway” [9]. On

wherethe parametery=e/mc
2=(l—v2/c2)~’2,and thecontrary,thesecondroot of eq.(6), Y2, which is

270 eV. obtainedfor relativisticelectronenergies,is stable,

v2 <<c2 the slowing-down force decreases ~ — 1)1, v
2 c. (8)

with an increaseof the electron velocity as F—~

v 2 v
2.However,in therelativistic regionit begins An electronslowsdownwheny> Y2, andaccelerates

increasingslowly asF—~lny, seefig. 1. Theminimum if ‘ < y~.This meansthatan electronwith a velocity
valueof F, larger thanv

1 tendsto developinto the equilibrium

4 N Z ~ stateY2. It canbe seenthattheelectronenergyis large
Fmin ~ m 2 e a, a 10, (3) in thestableequilibriumstate.Moving in mediatheymc ionize the gas molecules.Someof the knocked-out

is reachedfor Ymin 3—4 (seeref. [7]) electronsmayhavea velocity largerthan v1. These
Let us discussunderwhich conditionstheelectric electronswill be acceleratedby theelectric field. In

field E is largerthanFminle. First, we introducethe turn,whencolliding with neutralstheycangenerate
dimensionlessparameter “runaway” electronswith v> v1. An avalancheof

runawayelectrons,of which the numberincreases

= Emc
2 exponentially,will beproducedby thisprocess.This

47tNmZe a processwecall air breakdownby runawayelectrons.
E 2.7xl0’~cm—3 10 In fact, the exponentialincreaseof thefast electrons

=0.5 kY/cm N -~ (4) is followedby the sameexponentialincreaseof all
electron energiesup to the thermalenergy.

Thefollowing inequalityholdsundertheconditions Let us considerthis processquantitatively. The
of interest, numberof electronswith energyexceeding ~, which

> 1 (5) isproducedalonga unit lengthasa resultofthe ion-
0 ization of moleculesby a fast particle with energy

In thiscasethe balanceequation e>>~, is given by [8]

eE—F(v)=0 (6) dN(Ei) — ltZNme4
2~ ()

hastwo roots. Thefirst one is obtainedin the non- mc �~

relativistic regionof the electronenergy, It shouldbe emphasizedthat accordingto the pe-
v2 c2/ô (7) culiarities of the Coulomb interactionthese elec-

I O~ trons are releasedalmostperpendicularlyto the di-

rectionof motion of the fast particles,

~t~e
1/mc

2~y—1), u=cos0, (10)

1.60 where 0 is the anglebetweenv
1 andv, i.e. between

1.40 the directionsof motion of the fast andof the new
1.20 born particle.Whencalculatingthe numberof run-

1.00 awayelectronsoneshouldconsideralso the change
0.50 in the angle0. Therefore,let us introducethe equa-

‘—~- 0.60
tion of motion of the electronas

o 0.40

— ~ I I m~=eE~t—F(v),
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

og(~) du eE 2 v~E
—=—(1—~ ), u=cosO=—. (11)Fig. 1. Slowrng-downforce offastelectronsin air. dt my yE
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It follows from eqs.(11) that theelectrontrajectory Closeto the saddlepoint u= u0, p= 1 the separa-
in the v, ~t planeis describedby thefollowing equa- trix takesthe form
tion, written in thedimensionlessvariablesU=V

2/C2 ~ +u
1(l—p)+u2(l—/L)

2+...,
andjz,

U

0

du 2
2—(d0au0)’
uo+ui ______

a=In(mc
2/z�

1), (12) 142= 4 2ô~a
2u~ (15)

whereexpression(1) for theslowing-downforcehas All newbornelectronslocatedabovethe separatrix
beenused,which holdsin the nonrelativisticlimit, will crossthe runawayline, i.e. becomerunaway
Correspondingly,the following analysisis valid for electrons.It hasbeenmentionedabovethat the pa-
u < 1. Eq. (12) describestwo kinds of trajectories. rameterj~is small (u—s0) for the newbornelectrons.
Somecross“therunawayline”, which isgivenby the Correspondingly,themeaningof theseparatrixu,for
equation = 0, i.e. us(0) = u

50determinestherunawaybound-
ary. Thisboundaryis shown in fig. 3 asfunction of

= ~!_ (1 + ~), (13) the parameterd0. It determinesfor a given do the
a minimum energy of the newbornelectronsto be-

comerunaways:e10=~mc
2u~

0.Thenumberof dcc-
so for theseelectronsu—s1 when~t-+ 1. Otherelec- tronswith �~ a~generatedalonga unit lengthby any
tronsdonotcrosstheline (13), for theseu_,O(e_a) fast electron,whoseenergy �>> �~, is given by eq.
when1u—sl asshown in fig. 2. Theseparatrixu5(p), (9)~
which separatesthetwo typesof trajectories,goesout
of the end of therunawayline where — 3~~Z1~~me

4 2ltZNme (16)
ds — mc2a

10 = (mc
2)2u

5o

u5 (1) = u0 = ~— (1 + ~ ~u 1, (14) All thesenewelectronsbecomerunaways.Defining

the characteristiclengthfor the generationof nina-

or approximatelyu0 ~d~’(l—a~ lnd0). ways, A,

dN\~
t (mc2)2u~

1.00 A= (~‘)r = 2~cZNme4 (17)

us
0 60 2

tron production,

1.00

0.60080 we obtain the following equationfor runawaydcc-
0 75

Uso
0.50

0.40

0.25

0.20 I~I~I~I’ I

0.00 0.20 0.40 0.60 0.80 1.00 0.00 I I I I I I I
1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

60
Fig. 2. Electrontrajectoriesin theu,~tplane;thedashedlinerep-
resentstheseparatrixu~(js). Fig. 3. Runa’~vayboundaryu,0.
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dN N this casethe exponentialgrowth factorof the num-
= -,~. (18) berof runawayelectronsmight exceeda valueof 20—

30.

HereNf is the numberof fastelectrons;the fastdcc- Of significant interestare the peculiaritiesof the
tronsare acceleratedrunaways.Let us introducethe spatial and temporalstructureof the separatefor-
accelerationlength 1, i.e. the scalealongwhich the mations— elementarypulsesof breakdown,caused
particlereachesan energya of the orderof 1 MeV, by a fast particle. If a fast particlepropagatesalong
which is requiredfor theeffectivegenerationof run- the direction of the electric field, aheadof it moves
away electrons, a groupof the mostenergeticelectrons,whoseve-

locity is close to the speedof light. Theseelectrons
1= � — form a stronglydirectedgroup.Thencomeparticles

eE( 1 — do ) with randomvelocity direction,whoseenergyis of

� 1 kY/cm 1 the orderof 0.3—0.5 MeY. They are followed by a
10 1 MeY E 1 — d~’cm. (19) group of particles with a smaller energy, a=

~my2< u,
0mc

2, of which thedistribution functionis
Eq. (18) canbe rewritten now in the form closeto sphericallysymmetric.Graduallytheenergy

dN N(s—1) of the particles decreaseswhile their number in-
ds = A , (20) creases.The electronavalanchebecomesa hightem-

peratureplasma.Thisplasmacoolsrapidly,followed
andif by the lossof electronsdue to them gettingattached

1 ‘A << 1 ‘21 to watervapouror moleculesof oxygen.
In the casewhentheinitial fastparticlemovesun-

we obtain from (20), (21) dersomeangleto the field direction E, the genera-

dN N tion of the runawayelectronswill lead to the ap-
— = —, N= N

0 exp(s/A1), pearanceof spurs,orientedalongthe field Eor close
ds A1 toit.

A1=A(l+1/A)~A. (22)

Let uscall theparameterAtherunawaylength.It de- 3. Possibleeffectsof runawayelectronson
terminesthe breakdownpotentiality stimulatedby thunderstorm phenomena
runawayelectrons.It is similarto the ionizationfre-
quencyin the usualbreakdowntheory [101. In the Let us discussbriefly the possiblerole playedby
airthe valueof 2 15 the processconsideredin the physicalphenomena

(mc
2) U~

0 ~ 2.7 <1 019 originatingin theatmosphereduringa thunderstorm.
2 = 2xZN e

4 =5x 10 u~
0 N cm. (23) (1) Thethresholdelectric field of the atmosphere

m breakdowncausedby the runawayelectronscorre-

It shouldbementionedherethat thesameequation spondsto a valueof d0 1—2, i.e. accordingto eq.
(22)givesthe growthof electronsofanyenergy,not (4) it is equalto
just the fast electrons.

It follows from eqs. (19), (23) and (4) that EIh~2—4kV/cm (25)

I a 10 1 whencloseto the ground,which meansthat under
= 0.11 MeV — (d — 1) (24) anyrealisticconditionsthe meanelectricfield E0be-

a u,0 ~ tweena cloudandthegroundcannotexceedEIh. This

It follows from (24) andfig. 3 thatcondition (21) is in a good agreementwith the resultsof measure-
is usually fulfilled. Under atmosphericconditions, ments,accordingto which the valueof E0 doesnot
whenthe characteristicscaleL—~l0~cm, i.e. L>>A, exceedESh, they evenbecomevery closesometimes
thebreakdownstimulatedby the runawayelectrons [2,31. It shouldbe emphasizedthat the field Elh is
becomesquite realistic for a field E>~1 kY/cm. In essentiallysmaller than the threshold of ordinary
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breakdown.Thelastis about23 kY/cm [11]. h h 1 d h ‘d ‘h 28
(2) As wasmentionedabove,the electricaldis- = — H n [ ~( ~ ~.

charge (lightning) usually appearsin the atmo- The plasmaproducedby the micro-breakdowna!-
spherewhen the meanelectric field E0<E~h.The lowsthe overflow of partof thechargefrom layerh0
controllingimpacton the developmentof the step- to layerh1. Dueto the set of multiple breakdowns
ladderphaseof lightningcomesfromtheoverflow of thechargegraduallymoves from h0 to h1.

the charge,which leadsto the formationsof regions Letusestimatethecharacteristictimeofthecharge
witha stronglocalfield E0(r) [2,3]. Underthecon- overflow. Thedensityof cosmicraysecondarieswith
dition E0 ( r) >> Elh over a scaleE~rwhich signifi- energya> 1 MeY crossingthelayerh0 locatedat 10
cantly exceedsthe runawaylength A (23), local km is a 1/cm

2s [12]. Eachof theseparticlespro-
breakdownis possible.Sucha typeofbreakdowncan ducesa micro-breakdownwith growth rateA given
leadto the rapid flashof anemissionoverthe scale by (23). Correspondingly,the numberof fast elec-
t~randstimulatea chargeoverflowing in the direc- trons increasesby a factor q from h

0 to h1, where
tion definedby the initial fast electron (cosmicray — FA — “h — h (29)
secondary).Thus it is likely that thebreakdownby q — expt 0

runawayelectronsstimulatedby cosmicraysplays a The numberof secondaryelectronsproducedby a
noticeable role in the developmentof stepladder fastelectron along the scaleA is
lightning. °A ° 30’ 30

(3) The occurrenceof preconditioningprocesses ~ — P P ,cm.
canbeexpected,which arefollowedby an overflow Therefore,thetotal numberof electronsproduced
of electricchargein the atmosphereduringtheprep- in the layercloseto h1 by onecosmic raysecondary
arationof the basic discharge.The multiple local is
breakdownby the runawayelectronsfollowedby the
generationof X-ray pulses,as well as radio pulses, N= nq= flA exp[A (z0 — z1 ) I . (3!)
canserve asa possibleoverflow mechanism. Thecharacteristictimeofthechargeoverflowcanbe

Let us discussthe following simple model exam- evaluatedas
pie. Assumethat electricchargeis locatedin a thin
layerof the atmosphereat a height h0, andthe sur- Et= ao/Na. (32)
facechargedensity is — o~.For h< h0 it forms an It is assumedherethat theelectriccurrentformedin
electricfield directedupwardalongtheverticalaxis, the channel of a micro-breakdowntransportsall

— .~ newborn electrons.For the examplediscussedherei~.~o—Ooi6o.
— 1 km, andcorrespondinglyE~1 105. Micro-

Herewe considerthepolarizationchargedensitya0 breakdownsare followed by X-ray emission pro-
formedon the conductingsurfaceof the groundand ducedby thefastelectrons.A roughagreementwith
a~is the permittivity of air. Assumethatd0(h0)>2, observed [5,7] X-ray intensitiesduringthe precon-
for instance,d0(h~)= 2.2. Accordingto (4) this cor- ditioning periodcouldbe easily obtaineddueto the
respondsto exponentialfactor (29).

E0~l.4kY/cm, a0~l.2xl0
6C/m2 (27)
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